We introduced into tk-human 143 cells adenovirus type 2 (Ad2) genes by transformation with a plasmid (p711) containing both Ad2 sequences and the herpes simplex virus type 1 (HSV-1) tk gene. p711 contained approximately the left 8% of the Ad2 genome inserted in the HindIII site of pBR322, whereas the fragment of HSV-1 containing the tk gene was inserted in the BamHI site. Three tk+ cell lines were isolated after selection in HAT medium. The arrangement of viral sequences in the three transformants was analyzed by restriction endonuclease digestion and ifiter hybridization. All three lines contained a single insertion of Ad2 DNA which was present at approximately one copy per cell. The arrangement of Ad2 sequences in these lines was identical to that found in the linear p711 DNA used in the transformation. S1 analysis of the Ad2-specified RNA from two of these lines indicated that the early region la mRNA's were synthesized, though in lower amounts than found in lytic infections. These cell lines contained only the left half of early region lb (4.6 to 11.2), which encoded the 5' portion of the lb mRNA's. A complex pattern of lb RNAs was made in these cell lines. Transcription of most of these RNAs began at or near the lb promoter and proceeded through the lb sequences into tje flanking pBR322, HSV-1, or host sequences.
We introduced into tk-human 143 cells adenovirus type 2 (Ad2) genes by transformation with a plasmid (p711) containing both Ad2 sequences and the herpes simplex virus type 1 (HSV-1) tk gene. p711 contained approximately the left 8% of the Ad2 genome inserted in the HindIII site of pBR322, whereas the fragment of HSV-1 containing the tk gene was inserted in the BamHI site. Three tk+ cell lines were isolated after selection in HAT medium. The arrangement of viral sequences in the three transformants was analyzed by restriction endonuclease digestion and ifiter hybridization. All three lines contained a single insertion of Ad2 DNA which was present at approximately one copy per cell. The arrangement of Ad2 sequences in these lines was identical to that found in the linear p711 DNA used in the transformation. S1 analysis of the Ad2-specified RNA from two of these lines indicated that the early region la mRNA's were synthesized, though in lower amounts than found in lytic infections. These cell lines contained only the left half of early region lb (4.6 to 11.2), which encoded the 5' portion of the lb mRNA's. A complex pattern of lb RNAs was made in these cell lines. Transcription of most of these RNAs began at or near the lb promoter and proceeded through the lb sequences into tje flanking pBR322, HSV-1, or host sequences. Since many of the RNAs were terminated or spliced in the HSV-1 (anti-sense strand) or pBR322 sequences, new RNA processing sites must be used in the formation of these mRNA's. All three lines fully complemented the la deletion mutant AdS d1312. Surprisingly, these lines also permitted the growth of lb deletion mutants (Ad5 d1313 and AdS d1434), although the complementation was not always complete. Presumably the new gene product(s) which contained only part of the lb gene provided most of the essential function(s) required for viral multiplication. Alternatively, the lb 19-kilodalton protein which was entirely encoded by the adenovirus sequences present in these cell lines was sufficient for viral growth even in the absence of the lb 55-kilodalton protein.
Specific pieces of foreign DNA can be introduced into mammalian cells by a variety of methods, including cotransformation, viral vectors, and microinjection with glass capillaries, erythrocyte ghosts, or liposomes (34) . When mouse L tk-cells are transfected with the herpes simplex virus type 1 (HSV-1) thymidine kinase (tk) gene and a variety of other unlinked DNAs (cotransformation), many of the resulting tk+ transformants also incorporate the unlinked DNA (49) . Thus, 4)X174, pBR322, simian virus 40 (SV40), and rabbit or human p-globin se- quence have been introduced into mouse tkcells by cotransformation (19, 35, 49, 50) . We have shown that left-end segments of the human adenovirus type 2 (Ad2) genome can also be introduced into permissive tk-human cells by this method (27) . The unselected DNA can also be ligated to the selectable tk gene before transfection. By using this approach, rabbit 3-globin, chick ovalbumin, and SV40 sequences have been introduced into mouse tk-L cells (6, 19, 28, 32) .
We have adopted this latter approach to introduce different adenovirus early genes into permissive human cells. Early region la and lb genes encoded at the left end of the adenovirus genome are involved in DNA replication and 424 KLESSIG, QUINLAN, AND GRODZICKER morphological transformation. In addition, one or more of the la gene products are required for efficient expression of the other early regions (2, 21, 30) . As a source of the la gene which can be stably introduced into permissive cells, we have inserted the HSV-1 BamHI fragment containing the tk gene into the plasmid F4/41 (40) to form plasmid p711. F4/41 contains approximately the left 8% of the Ad2 genome, which includes all of la as well as half of the lb gene. To test the biological activity of p711, we have inserted it into human tk-143 cells and selected for expression of the HSV-1 tk gene.
MATERIALS AND METHODS
Cells and viruses. The 143 tk-human cell line, derived after selection with bromodeoxyuridine (K. Huebner and C. Croce, personal communication) from the murine sarcoma virus-transformed line R970-5 (38) , was a gift from C. Croce. The 293 cell line was derived by morphological transformation of human embryonic kidney cells with sheared AdS DNA (14) . The 293 and HeLa cell lines were provided by J. F. Williams. All cell lines were cultivated in Dulbecco modified Eagle medium (Microbiological Associates) supplemented with 10%o calf serum, 100 ,g of streptomycin per ml, and 100 p.g of penicillin per ml. tk+ transformants were selected and grown in Dulbecco modified Eagle medium containing hypoxanthine (15 ,ug/ml), aminopterin (0.5 ,ug/ml), and thymidine (5 pg/ ml) (HAT) and 10o calf serum, streptomycin, and penicillin.
Ad2 was propagated on monolayers of HeLa cells. Ad5 d1312, Ad5 d1313 (both provided by T. Shenk) and AdS d1434 (provided by D. Solnick) were grown on monolayers of 293 cells. Plaque titrations were performed as described previously (16) , except that for 293 cells MgCl2 was omitted from the overlay medium. For measurement of virus yields from various cell lines, confluent monolayers were infected at a multiplicity of infection of 10 PFU/cell except for d1313 (0.5 PFU/cell) in phosphate-buffered saline. After 75 min of incubation at 38.5°C, the inoculum was removed, and the monolayer was rinsed with phosphate-buffered saline (41) . After staining in 0.5 ,ug of ethidium bromide per ml, the gel was treated for 90 to 120 min in 200 to 400 ml of 0.2 M NaOH and 0.6 M NaCl, rinsed in water, soaked for 60 to 90 min in 200 to 400 ml of t M Tris, pH 7.4, and 0.6 M NaCl, and washed for 5 to 1S min in 6x SSC (SSC = 0.15 M NaCl plus 0.015 sodium citrate) before transfer to nitrocellulose filters in 6x SSC for 36 to 72 h. Before hybridization, the ifiter was treated in 25 ml of 6x SSC, lOx Denhardt reagent (10), 1 mM EDTA, and 10 to 25 ,ug of denatured calf thymus DNA per ml for 6 to 16 h at 68 to 71°C, at which time sodium dodecyl sulfate (SDS) was added to a final concentration of 0.25 to 0.5%, and the incubation was continued for an additional 1 to 2 h at 68 to 71°C. The filter was hybridized to -50 ng of 32P-labeled probe DNA (specific activity, 1 x 10" to 5 x 108 cpm/l,g) in 5 ml of 6x SSC, 5x Denhardt reagent, 100 Fg of denatured calf thymus DNA per ml, 10 ,ug of denatured human 143 tk-cell DNA per ml, 1 mM EDTA, and 0.5% SDS at 68 to 71°C for 14 to 24 h; it was then washed three times for 5 to 20 min each in -250 ml of 2x SSC and 0.1% SDS at room temperature and three times for 45 to 60 min each in -250 ml of 0.1 x SSC and 0.1% SDS at 50 to 53°C. Filters were exposed to Kodak XR Mfim, using du Pont Lightning Plus intensifying screens, for 1 to 4 days. RNA analysis. Cytoplasmic RNA was prepared from the 143 cell line and its transformed derivatives as previously described (26) . Cytoplasmic RNA extracted at 6 h postinfection from HeLa cells infected with 25 PFU of Ad2 per cell in the presence of 10 ,uM anisomycin was provided by J. Lewis. Polyadenylated RNA was selected on oligodeoxythymidine-cellulose COMPLEMENTATION BY TRUNCATED PROTEINS columns. The structure of the adenoviral RNA was determined by using a modification of the S1 nuclease mapping technique of Berk and Sharp (3). Polyadenylated RNA selected from 1 mg of total cytoplasmic RNA obtained from 143 tk-or tk+ transformants was hybridized to Ad2 fragments in 50 pLI. The amount of the fragments was equivalent on a mole basis to 0.5 ,ug of the entire Ad2 genome, which is approximately 35.5 kb in length. In several experiments, an additional 100
ILg of unselected cytoplasmic RNA was included.
Cytoplasmic RNA (16 to 32 ,ug) isolated during the early phase of Ad2 infection was used as a positive control. The adenovirus sequence from the HindIllcleaved p711 was not purified before hybridization to RNA. After S1 treatment, the sample was divided into two and fractionated on an alkaline 1.2% agarose gel and a neutral 1.4% agarose gel by electrophoresis. Neutral gels were electrophoresed in Tris-borate buffer. The fractionated DNA was transferred to a nitrocellulose filter and hybridized to 32P-labeled Ad2 DNA (40 ng per filter; specific activity, 1 x 108 to 10 x 108 cpm/,ug) as described above, except that the alkaline gel was treated in 1 M Tris (pH 7.4) and 0.6 M NaCl for 45 to 75 min while the neutral gel was exposed to 0.2 M NaOH and 0.6 M NaCl for 45 min and then to 1 M Tris (pH 7.4) and 0.6 M NaCl for 45 to 75 min. Filters were exposed to XR film for 2 to 10 days with intensifying screens.
RESULTS
The tk-cell line 143 was transformed with the chimeric plasmid p711 to construct permissive human cell lines containing early region la of the adenovirus genome. Figure 1 shows the structure of p711. It was constructed by insertion of a 3.6-kb HSV-1 BamHI fragment containing the tk gene into F4/41 in the orientation shown. The plasmid, F4/41, contains approximately the left 7.9% of the Ad2 genome on a HindIII fragment which was derived from the Ad2-transformed rat cell line F4 (40) . p711 contains the entire la gene as well as half of the lb gene which encodes the 5' portion of the lb mRNA's. After selection and growth in HAT medium, tk+ colonies were obtained. Four colonies were picked and expanded into cell lines (the D lines).
Amount and arrangement of adenovirus sequences in the tk+ transformants. The adenovirus sequences in the tk+ cell lines were analyzed by restriction enzyme digestion and filter hybridization (41) . Cell DNAs from the four lines were digested with BamHI, an endonuclease which does not cut within the adenovirus segment contained in p711 (-0 to 7.9). Analysis of the BamHI digestion products by electrophoresis, transfer, and filter hybridization using nicktranslated Ad2 EcoRI-A (O to 58.5%) as probe showed that three lines had a single insertion of adenovirus sequence (Fig. 2) . The faint, diffuse, low-molecular-weight bands seen in Fig. 2 was observed only sometimes; we do not know if they represented true Ad2 sequences or were the result of spurious hybridization. The D7 cell line did not contain left-end sequences. In two of the three lines, it is clear that the fragment containing adenovirus sequences and adjoining host DNA was larger than the DNA used for transformation. We shall use the term "host DNA" to refer to the sequences connected to the chimeric plasmic insertions in the transformed lines. We also do not know whether these flanking sequences were other DNAs that were present in the transfection mixture or whether the chimeric plasmid sequences were integrated into a host chromosome. The intensity of the bands compared with the reconstruction indicates that the adenovirus sequences were present in approximately one copy per cell.
Extent of viral sequences present in tk+ transformants. The adenovirus sequences in the three D cell lines were mapped by cleaving cell DNA with combinations of restriction endonucleases that cut several times within p711 and determining which restriction fragments comigrated with the corresponding plasmid (p711) fragments. Cell DNA was cleaved with various combinations of HindIII, BglII, SmaI, and KpnI and analyzed by filter hybridization, using labeled Ad2 HindIII-G+F (O to 7.9 and 89.5 to 97.1) DNA as probe (Fig. 3) . The right-hand tracks in each panel of Fig. 3 are reconstructions that show the marker p711 fragments from each digestion that hybridized to the probe.
All three lines contained the same arrangement of Ad2 sequences present in the transfecting p711 plasmid (Fig. 3A, B) . One cell line, D1O, was analyzed by using four combinations of restriction enzymes. The results shown in panel C confirm that the Ad2 sequences in this line had a structure identical to that shown in p711 in Fig. 1 .
To determine whether the Ad2 sequences were still attached to the HSV-1 BamHI segment in the three D lines, the cellular DNAs were cleaved with BglII. BgIII cleaved p711 near the distal end of both the Ad2 and HSV-1 inserts to produce two fragments (see Fig. 1 ); one contained primarily pBR322 sequences, and the other harbored almost the entire Ad2 and HSV-1 sequences joined by a short segment of pBR322.
The Ad2 and HSV-1 sequences maintained this same arrangement in all three lines (Fig. 3D) . In fact, further analysis indicated that the inserted sequences extended as far as the distal EcoRI sites in pBR322 and HSV-1 for all three lines, whereas in one line, D10, the chimeric plasmid DNA was intact through the distal BamHI site (data not shown; see Fig. 1 Figure 4 shows the results of S1 mapping using these fragments as well as a graphic representation of the viral RNAs detected. la mRNA's. Two major la mRNA's have been observed in the early phase of adenovirus infection by the S1 mapping procedure (4). These two RNAs have common 5' (1.3) and 3' (4.4) termini but have different-size internal intervening sequences which are removed by splicing (see Fig.  1 ) (4, 8, 25, 42) . The 625(630)-, 490(445)-, and 407-nucleotide (n) bands seen on alkaline gels (Fig. 4 , panels I and IV) and the 950n(990) and 810n(820) bands observed on neutral gels (panels II and V) using p711 DNA as probe correspond to these two RNAs. Both of these la mRNA's, labeled RNA no. 1 and 2 in the graphic display at the bottom of Fig. 4 , were present in the D10 and D27 cell lines; however, their concentration was considerably lower than the 700 to 1,200 copies per cell observed in early lytic infection (12) Fig. 4 . lb mRNA's. The early region lb, like la, encodes two early mRNA's which share common 5' (4.6) and 3' (11.2) termini but have internal segments of different sizes which are removed by splicing (see Fig. 1) (4, 8, 25 ). Only the large 22S species produced by splicing out the small region corresponding to 9.7 to 9.9% has been observed by S1 mapping (2, 3). S1 digestion of D10 and D27 mRNA hybridized to HindIll-cut p711 (-0 to 7.9) or to a DNA fragment containing Ad2 sequences from positions 3.8 to 15.5 yielded a 1,055 to 1,130n band on both alkaline and neutral gels (panels I, II, and III in Fig. 4) . This is the size expected (1,lOOn from DNA sequence analysis; R. Roberts and T. Gingeras, personal communication) for an RNA starting at the lb promoter and continuing through the lb sequences into flanking DNA. RNA from the lytically infected cells yielded the same 1,065n (1,130) band when hybridized to the HindIlI fragment. As expected, RNA from lytically infected cells when annealed to a fragment that contained the entire lb region (3.8 to 15.5) produced 1,800n and 480n bands on alkaline gels (panel III). These bands corresponded to the 22S lb RNA. A comparison of the band intensities observed by using -16-fold more RNA from the transformants suggested that the amount of lb mRNA in these two lines is -25-fold lower than in early lytic infections when 800 to 1,100 copies are present per cell (12) .
Because the lb segment in the D10 and D27 cell lines did not contain the splice sites or the polyadenylation site for the 22S lb mRNA, we further analyzed the structure of the lb-containing transcripts. D10 and D27 RNAs were hybridized to the same structure of p711 DNA (Sall cleaved) used in the transformation. The duplexes were then digested with S1 and analyzed on neutral and alkaline gels. A complex pattern of lb mRNA's was synthesized in these cells (Fig.  4 , panels IV and V). A graphic representation of the RNAs is depicted in the lower portion of Fig.  4 . Possible structures of these RNAs were deduced from the size and intensity of the bands on alkaline and neutral gels. The structures of most of these RNAs were compatible with the RNAs starting at the lb promoter. Although there were other structures consistent with the data, we assume that one or more of the RNAs must be transcribed from the sense strand of the lb gene because these cell lines complemented lb deletion mutants (see below) and thus made partially functional proteins.
The D10 cell line produced one prominent mRNA that contained lb sequences. A 1,300n band was seen on both alkaline and neutral gels. This RNA (no. 4) was probably initiated at the lb promoter and continued -1,300n through the lb region into pBR322 sequences before being terminated or spliced into flanking host sequences. We suspect that the RNA was spliced rather than terminated at this position because the hexanucleotide sequence AATAAA which precedes the polyadenylation site by approximately 25n on most eucaryotic mRNA's (37) was not present in this region of pBR322. Although the sequence GT appeared several times in this region of pBR322 (43) , no further similarities to the donor splice site consensus sequence were observed (5, 7) .
Three prominent mRNA's containing lb sequences were found in the D27 cell line. One of these RNAs produced a -5,lOOn band on both neutral and alkaline gels. This finding is consistent with it (no. 5) being initiated at the lb promoter and extending through the remainder of the inserted DNA before terminating in flanking host sequences. The remaining two major RNAs (no. 6 and 7) were spliced within p711 sequences and yielded the -2,750 and -2,500 bands seen in panel IV of Fig. 4 . These two RNAs on the neutral gel probably gave rise to the protected -6,200n fragment. In both cases, it is likely that transcription initiated upstream from the lb promoter. If the transcripts were initiated at the lb promoter and transcribed through the entire linearized plasmid DNA, the longest RNA formed would be only -5,300n. Assuming that transcription started upstream from the lb promoter, a band larger than 1,100n should be observed when RNA is hybridized to HindIII-cleaved p711 or the 3.8 to 15.5% Ad2 fragment. Panel I shows a very faint band of 1,590n. If the left end of the Ad2-specified, alkaline-resistant segment of the 6,200n band (bands B and C in panel IV) were located 1,590 base pairs upstream from the lb-pBR322 border, it would map near the acceptor splice site for la mRNA's. Thus, it is probable that RNA no. 6 and 7 shown in the bottom of Fig. 4 are initiated at the la promoter and use the la splice sites, but fail to utilize the la termination and polyadenylation sites.
Several other minor RNA species were also found in these two cell lines. Possible structures for some of these RNAs are illustrated at the bottom of Fig. 4 . A comparison of the intensities of these minor bands with those of the bands generated from the la mRNA's suggests that these RNAs were present in only a few copies per cell.
Complementation of viral mutants in transformants. To see whether the left-end Ad2 DNA in the D cell lines produced functional proteins, the lines were tested for their ability to complement the growth of adenovirus mutants. The AdS deletion mutant d1312 is missing the sequences that mapped between 1.2 and 3.7 on the viral genome and thus lacks early region la (1.3 to 4.4). It was isolated as a host range mutant that failed to grow on HeLa cells but did replicate in the 293 cell line, which contains and expresses the left 11% of AdS (14) . It also grows in tk+ cotransformed human cell lines that contain the entire left end of the viral genome (17). Early region la was present in its entirety and was transcribed in the D cell lines. As expected, all three lines supported the efficient growth of this mutant. The level of complementation was similar to that observed with 293 cells, whereas HeLa, the parental 143 tk-and D7 tk+ cell lines (which did not contain Ad2 left end sequences) failed to support replication of the mutants (Table 1). The virus progeny obtained after infection of the three transformants retained their mutant phenotype, demonstrating that they arose by complementation and not recombination with viral sequences present in the cell (data not shown).
To our surprise, these three lines also supported the growth of mutants with deletions in the lb gene (4.6 to 11.2), even though only half of the lb region was present in the transformants (Table 1). Ad5 d1434, a la-lb mutant that lacks the viral sequences located between 2.6 and 8.7 on the genome (D. Solnick, unpublished data), grew only 8-to 10-fold less efficiently in these transformants than did wild-type Ad2. In contrast, its growth was severely restricted in HeLa, 143 tk-, and D7 tk+ cell lines. As expected, wild-type Ad2 grew well in all cell lines. After continued passage, the D16 line lost the ability to complement left-end mutants (Table 1 and data not shown). This probably reflects the instability of adenovirus gene expression observed in this line even when it is maintained under selective pressure for the expression of the tk gene. This phenomenon has been observed before in other Ad2 tk+ transformants (17).
Since only partial complementation of dl434 occurred in these lines, a second lb mutant, Ad5 dl313, that lacked the viral sequences mapping between 3.8 and 10.2 on the viral genome was tested. D27 supported the growth of d1313 to levels only 10-fold less than in 293 cells ( Table  1) . The other lines which complemented d1312 and dl434 also support the multiplication of d1313 (data not shown). Thus, the truncated lb region must yield products that are partially functional and can supply the requirements for growth of the mutants in the lytic cycle. DISCUSSION
The entire la and approximately half of the lb early regions of adenovirus were introduced into human tk-cells as unselected markers by transformation with a plasmid (p711) containing the HSV-1 tk gene linked to these Ad2 sequences. The viral sequences are associated with highmolecular-weight DNA and presumably are integrated into the host chromosome, although we have no direct proof of this. The la gene products, although present at considerably lower levels than in lytically infected cells, are made in sufficient quantities in the transformants to complement a la deletion mutant AdS dl312.
The ability of these cell lines to support the growth of lb delection mutants was more surprising since only the 5' portion of lb is present in these cells. S1 analysis of the RNAs synthesized from the lb region indicates that a complex pattern of cytoplasmic, polyadenylated RNAs is made in small quantities in the two cell lines (DlO and D27) examined. The majority of the (Fig. 1) . In contrast, the 55-kilodalton protein is encoded only on the large 22S mRNA and must utilize an internal AUG for initiation and a reading frame which differs from that of the 19-kilodalton protein (J. Bos 106 a Cells were infected at a multiplicity of infection of 10 PFU/cell and incubated at 38.5°C for 48 h. However, with d1313 a multiplicity of infection of 0.5 PFU/cell was used. AdS d1313 shows multiplicity-dependent leakiness and grows to moderately high titers on HeLa cells at high multiplicity of infection (22) .
b The mutants lack the DNA sequences which are given as map units on the conventional adenovirus physical map.
c When D16 had been carried for a short time, higher yields of d1434 on D16 were observed, suggesting that the expression of the Ad2 sequence was unstable in this line. present in these transformed cell lines. Thus, either the 19-kilodalton protein provides most of the essential function(s) required for viral multiplication or the new RNA species observed in these cells must be translated into functional, novel proteins. Regardless, most if not all of the functions provided by the lb protein(s) that is required for virus growth are encoded in the 5' half of the mRNA(s). From preliminary analysis of the sequence of this region of the Ad2 DNA (Roberts and Gingeras, personal communication), it is likely that translation continues through the truncated lb region present in p711 into the adjacent pBR322 sequences. We do not, however, have direct proof of this. Analysis of the DNA sequences of the short region of pBR322 adjacent to the lb segment in p711 indicates that the presumptive open reading frame used for the synthesis of lb-encoded proteins extends for seven sense codons beyond the Ad2-pBR322 border before reaching several closely spaced termination codons. Thus, it is likely that many of the novel, chimeric RNAs produced in these transformed lines encode a single, truncated, chimeric protein primarily specified by the 5' half of the lb gene.
Examples of truncated, chimeric proteins retaining some of the functions of the original gene product have been reported. There is a series of Ad2-SV40 hybrid proteins which maintain part or all of the SV40 large-T antigen functions (18, 20, 29) . Furthermore, although both the la and lb regions of adenovirus are required for morphological transformation of rodent cells (13, 39) , Graham and colleagues (13) showed that cells could be transformed by the HindIII-G fragment of Ad5 which contains essentially the same sequence found in our tk+ transformants, i.e., la and half of lb early regions. In all of these cases, however, there was selection for the retention of particular functions of the original gene product(s). In the tk+-transformed cells described here, no known selection was applied to maintain the lb function(s), yet in all three lines most of the essential properties of the lb gene products were retained.
